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Atopic dermatitis (AD) is the most common inflammatory skin disease, and it is considered a complex and heterogeneous
condition. Different phenotypes of AD, defined according to the patient age at onset, race, and ethnic background; disease
duration; and other disease characteristics, have been recently described, underlying the need for a personalized treatment
approach. Recent advancements in understanding AD pathogenesis resulted in a real translational revolution and led to the
exponential expansion of the therapeutic pipeline. The study of biomarkers in clinical studies of emerging treatments is helping
clarify the role of each cytokine and immune pathway in AD and will allow addressing the unique immune fingerprints of each AD
subset. Personalized medicine will be the ultimate goal of this targeted translational research. In this review, we discuss the changes
in the concepts of both the pathogenesis of and treatment approach to AD, highlight the scientific rationale behind each targeted

treatment and report the most recent clinical efficacy data.
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INTRODUCTION

Atopic dermatitis (AD) is the most common inflammatory skin
condition, affecting up to 25% of children and between 4 and 7%
of adults [1]. An estimated 85% of AD cases appear before 5 years
of age, but adult-onset AD is also common: 1 in 4 adults affected
by AD in the US reports the onset of the disease in adulthood
[2-4]. While most AD cases dissipate by adulthood, up to 33% of
childhood-onset AD cases persist far into the life course [5].
Prevalence also varies based on ethnicity: African descendent
individuals, as well as Asians and Pacific Islanders, are more likely
to develop AD than Caucasian individuals [6-9].

AD lesions consist of oozing, pruritic, erythematous patches and
papules, resulting in excoriation and serous exudate [2]. As the
lesions become chronic, they turn dull, red, and lichenified. In the
adult form, the classic AD locations include the symmetrical
flexural regions, such as the antecubital and popliteal fosse.
Other locations can be involved, including the face, head, neck,
hands, trunk, and extensor surfaces of the limbs, with different
manifestations based on the age at onset and acute vs. chronic
disease [3, 10]. AD symptoms include daily pruritus and pain [11],
sleep disturbances [12], and, in the most severe cases, depressive
and anxiety-related symptoms [4, 12, 13]. Moreover, AD is
considered the first manifestation of the so-called “atopic march”:
other atopic conditions such as asthma, allergic rhinoconjunctivi-
tis, and food allergy follow the appearance of AD in atopic
predisposed patients [3, 10]. This multisystemic involvement
heavily affects the quality of life of atopic individuals [11, 12]. In

this review, we will cover the changes at the base of the paradigm
shift we are experiencing in the treatment of AD. We will report
the most recent translational research findings based on different
specific pathogenetic axes, and we will review the impressive
therapeutic pipeline for moderate-to-severe AD.

THE COMPLEX PATHOGENESIS OF AD: A CURRENT UPDATE
Two main contrasting hypotheses have been proposed in the past
for the pathogenesis of AD. Based on the “outside-in” hypothesis,
epidermal barrier dysfunction triggers immune activation; in
contrast, based on the “inside-out” hypothesis, AD is primarily
cytokine driven with secondary skin barrier dysfunction [14]. The
modern approach to defining AD pathogenesis is now centered
on integrating these two mechanisms and is oriented toward
characterizing their interplay in AD [15].

Environmental noxious stimuli, immune dysregulation, genetic
factors, impaired epidermal barrier integrity, and skin microbiome
abnormalities all play pathogenetic roles in initiating and
sustaining a state of chronic inflammation in AD and contribute
to orchestrating the disease phenotype.

Epidermal barrier dysfunction in AD is characterized by a lower
expression of terminal differentiation markers, such as filaggrin
(FLG) and loricrin (LOR), and by a higher permeability defect
caused by skin lipid film impairment and higher transepidermal
water loss [16, 17]. This makes AD skin more prone to the
penetration of external agents (antigens, allergens, pollution, etc.)
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that are harmful to keratinocytes. Damaged keratinocytes produce
epidermal alarmins such as IL-33, IL-25, and TSLP, which activate
the dendritic cells (DCs) and type 2 innate lymphoid cells (ILC2s)
that produce IL-5 and IL-13, which activate eosinophils and Th2
cells [17]. Local Th2 polarization, in return, further diminishes
barrier functions and sustains itching, causing skin barrier
impairment and facilitating dysbiosis [16]. AD skin shows a higher
proliferation of the members of the genus Staphylococcus,
especially S. aureus, which can further damage keratinocytes and
sustain local inflammation [18].

Pathogenic AD models have evolved similarly to those for
psoriasis, linking specific T-cell subsets to different pathogenetic
aspects of AD. In the past, several broad T-cell-targeting
therapeutics (such as efalizumab, alefacept, phototherapy, and
cyclosporine) showed efficacy in treating patients with moderate-
to-severe AD [19-21]. TNF-alpha antagonists, such as infliximab
[22] and etanercept [23], were ineffective in treating AD,
suggesting the absence of a relevant role of TNF in AD
pathogenesis. AD emerged as a prototypical Th2 disease, and
this was supported by multiple observations, including increased
levels of Th2 products and lower levels of IFN-y in the blood of
patients with severe AD [24, 25].

Subsequent studies highlighted that AD lesions are primarily,
but not exclusively, Th2-driven, with the overproduction of
important Th2 cytokines and chemokines, including IL-4, IL-5, IL-
13, CCL17, CCL18, and CCL22 [25, 26]. but is also Th22-skewed,
with the overproduction of IL-22, while the contributions of the
Th1 and Th17 axes vary depending on the AD endophenotype
[2, 23, 27, 28].

AD PHENOTYPES AND ENDOTYPES

AD is no longer considered a homogeneous disease. Nevertheless,
it encompasses a variety of endotypes and phenotypes based on
the patient age at onset, race and ethnicity; disease chronicity; and
IgE levels. On a molecular level, this characterization revealed
specific immune pathway contributions and different characteristics
of skin barrier alterations for each AD endophenotype [7, 9, 28-36].

Age at onset is an essential factor in determining AD endophe-
notypes. Neonatal AD shows low levels of Th1 and high levels of Th2
markers in the blood, which is associated with AD susceptibility
[37-39]. The lesional skin of children with early-onset AD (at
<6 months of age) shows strong Th2 upregulation and Th17/
Th22 skewing but typically lacks Th1 activation, which is present in
AD manifesting in adults [40]. In addition, Th9 expression is also
higher in the lesional skin of pediatric patients with AD than in adult
patients with AD [31]. Pediatric AD shows skin barrier defects
consisting of epidermal hyperplasia with preserved FLG expression
but a downregulation of tight junction and lipid barrier genes
[31, 40]. AD in elderly patients demonstrates a lower level of Th2 and
Th22 expression than AD in younger patients, with a parallel increase
with age in Th1 and Th17 upregulation and a less pronounced
barrier defect [41].

Several differences have been found according to disease
duration. Acute AD, occurring within the first 72 h after lesion
onset, is a predominantly Th2-driven disease process accompa-
nied by an upregulation of the Th22 axis and increased AMP levels
[25]. The chronic AD endotype features an upregulation of keratin
16 and Ki67, which is responsible for the characteristic hyperplasia
of this stage of the disease [25]. Chronic AD features a continued
increase in Th2 and Th22 expression and a new upregulation of
the Th1 axis [2].

Ethnic background is a critical delineation for AD. European
American AD cohorts feature relatively high activity of the Th2 and
Th22 axes and some upregulation of the Th1 and Th17 axes
compared to Asian and African American AD cohorts [28]. The
Asian AD cohort tends to show the highest Th17 activation of any
group studied and higher Th22 activation than European
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American cohorts [34, 42]. African American AD cohorts are
characterized by an absence of Th17 and Th1 contributions with
relatively low Th22 presence compared to other ethnicities
studied [35].

Finally, AD can be classified into intrinsic and extrinsic forms.
Extrinsic AD is primarily defined by its high levels of IgE in the serum
as well as eosinophilia [43]. Extrinsic AD accounts for 80% of AD
cases and is associated with greater rates of FLG mutations as well
as a personal or family history of atopic disease [44]. Extrinsic
AD severity correlates with increased Th2 axis expression and
decreased barrier products, including FLG, LOR, and periplakin [45].
Intrinsic AD is phenotypically similar to extrinsic AD, but it is
differentiated by female predominance, preserved barrier products,
delayed disease onset, and an absence of a personal or family
history of atopy [46, 47]. While sharing a similar Th2 signature,
intrinsic AD is characterized by increased Th1 expression in the
blood compared to extrinsic AD and lower CCL17 levels [48].
Intrinsic AD also shows greater cellular infiltrates with T cells,
Langerhans cells, and myeloid DCs [33]. Th17- and Th22-driven
expression of the antimicrobials ST00A9 and S100A12 was found to
be higher in intrinsic AD [49], with Th17 expression positively
correlating with disease severity [48, 50].

THE TRANSLATIONAL REVOLUTION IN AD

In the last decade, the AD therapeutic pipeline has been enriched,
leading to new promising therapeutic perspectives. The key to this
translational revolution has been the integration between bench
studies of AD pathogenesis and the identification of biomarkers of
therapeutic responses in clinical trials. This new approach led to
the definition of the roles of the different cytokines and immune
pathways involved in AD as well as to better disease stratification
and therapeutic selection.

The first example of a successful translational model in AD is the
one obtained with dupilumab, which led to a new era for the
treatment of AD, offering a safe, long-lasting therapeutic option
for patients with moderate-to-severe AD. Dupilumab, a mono-
clonal anti-IL-4Ra antibody, induces tissue reversal of the AD
phenotype in the skin, improving both skin barrier function and
immune dysregulation, and the molecular changes are parallel
with clinical improvement [51, 52]. The most prominent effect is
seen on the downregulation of Th2-associated chemokines, while
the effect on the Th1 compartment is minimal [51]. Dupilumab
treatment also reduces skin hyperplasia (K16 and ki67) and the
inflammatory infiltrates of T cells and DCs [49]. Dupilumab was the
first biologic therapy to be approved for the treatment of
moderate-to-severe AD in adults (2017). The proven efficacy and
the favorable safety profile led to subsequent extensions to
patients 6 years or older (2021) and to patients 6 months and
older (June 2022) [53].

Recently, other new effective treatments for AD have been
approved by the FDA. After several successful phase Il trials, in
December 2021, tralokinumab was the first anti-IL-13 drug to be
approved for adults with moderate-to-severe AD. In January 2022,
two JAK inhibitors, abrocitinib and upadacitinib, received approval
for moderate-to-severe AD in adults and in patients 12 years of
age or older, respectively.

Although the AD therapeutic pipeline is rapidly expanding, the
results of clinical trials have demonstrated that a considerable
number of patients are unable to reach a clear or almost clear
state with the currently available treatments. Dupilumab induces
an Investigator Global Assessment (IGA) score of 0/1 in <40% of
patients when administered as monotherapy or in combination
with topical corticosteroids (TCSs) [54-57]. Less than 25% and
<40% of tralokinumab-treated patients reach an IGA score if 0/1
when tralokinumab is used as monotherapy [58] or in combina-
tion with TCSs, respectively [59]. JAK inhibitors display higher
rates of achieving IGA scores of 0/1, with upadacitinib able to
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Schematic representation of the immune markers involved in the pathogenesis of AD and systemic drugs approved or that have

been in clinical trial development for AD. In red boxes are reported molecules currently under investigation or with positive results in clinical
trials, and in blue boxes are reported drugs that failed to reach primary endpoints in clinical trials. CRTH2 prostaglandin D2 receptor 2, DC
dendritic cell, DRG dorsal root ganglion, H4R histamine H4 receptor, IL interleukin, KOR kappa opioid receptor, NK1R neurokinin1, OSM
oncostatin M, OSMRB oncostatin M specific receptor subunit beta, OX40 tumor necrosis factor receptor superfamily, member 4, OX40L OX40
ligand, TSLP thymic stromal lymphoprotein, TRPA1 transient receptor potential cation channel, subfamily A, member 1, TRPV1 transient

receptor potential vanilloid-1

clear ~60% of patients [60, 61] and abrocitinib <50% [62], with
slightly higher rates when used in combination with TCSs [61, 63].
This lack of efficacy in certain patients highlights the need for
other effective molecules and underlines the importance of
developing targeted medicine to offer treatments tailored to
patients’ characteristics.

Herein, we discuss the main pathways involved in AD pathogen-
esis and the corresponding treatment targets (Fig. 1). For each
target, we summarize the most relevant results in the most
advanced clinical trials in Tables 1-6.

The Th2 pathway

The immune activation of the Th2 pathway is the hallmark of AD: a
strong Th2 tone is the basis of all AD phenotypes and endotypes.
The Th2 response is triggered by environmental irritants and
allergens that penetrate the skin barrier. Dendritic and Langerhans
cells in the skin sense these environmental factors and release
cytokines that activate Th2 cells. Th2 cell activation is associated
with an upregulation of the cytokines IL-4, IL-13, IL-5, IL-31, IL-33,
OX40 and OX40 ligand (OX40L). Treatments targeting the Th2

SPRINGER NATURE

pathway are summarized in Table 1. IL-33 will be discussed among
the IL-1a family members, and IL-31 will be discussed among the
pruritus-related targets.

IL-4 and IL-13 are considered the main drivers of the Th2
immune axis and key cytokines for the pathogenesis of AD. In
murine models, they induce an AD-like phenotype in the
epidermis characterized by pruritus, xerosis, inflammation, and
increased Staphylococcus aureus infections [64-66]. These cyto-
kines are upregulated in lesional and nonlesional AD skin, and
their expression correlates with disease severity [67]. In AD skin, IL-
4 and IL-13 contribute to skin barrier impairment, reducing the
expression of terminal differentiation proteins such as FLG, LOR,
and involucrin (INV) in both lesional and nonlesional skin [68, 69].
They act on B cells, inducing IgE class switching and production
and sustaining Th2 activation [70]. IL-13 also stimulates dermal
fibroblasts to produce collagen, contributing to AD-related skin
fibrosis [71].

IL-4Ra. IL-4Ra mediates the signaling of both IL-4 and IL-13 and
thus represents an ideal target. Dupilumab is an IgG4 monoclonal
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antibody that binds to IL-4Ra and is currently approved by the
FDA for the treatment of AD in patients 6 months and older. The
most important phase I trials and corresponding results that led
to dupilumab approval are summarized in Table 1. In all these
trials, conjunctivitis was the most frequent side effect [54-56].
Another IL-4Ra inhibitor known as CBP-201 is currently being
studied in two phase Il trials (NCT04444752, NCT05017480), and
promising results have been released [72]. CBP-201 showed
superiority to placebo in inducing a mean change in EASI scores of
—63.0% in the CBP-201 every 2 weeks (Q2W) group and —65.4% in
the CBP-201 every 4 weeks (Q4W) group vs. —40.7% in the
placebo group [72]. CM310 is another anti-IL-4Ra monoclonal
antibody currently under phase Il (NCT04805411) and phase IlI
study (NCT05265923, NCT04893707).

Status of
investigation
Terminated.
Completed
Completed
Completed.
Completed
Completed

0.01)

IL-13.  Tralokinumab is an IgG4k IL-13 inhibitor that blocks IL-13
by preventing it from binding IL-13Ra1 and IL-13Ra2 [73]. It was
approved by the FDA in December 2021 for the treatment of
moderate-to-severe AD in adult patients. Six phase Il clinical trials
have been completed (see Table 1), and three more are still active.
Upper respiratory tract infections and conjunctivitis were the most
commonly reported adverse events [74].

Similarly, lebrikizumab is an IgG4k monoclonal antibody that
binds specifically to IL-13, preventing IL-13Ra1/IL-4Ra heterodi-
merization and consequent signaling [75]. Safety and efficacy in
AD have been under investigation in a total of ten phase lll trials
(see Table 1). Recently, the results of two phase Il trials, ADvocate1
and Advocate2, investigating lebrikizumab as monotherapy for
moderate-to-severe disease have been presented [76]. Rates of
IGA success (defined as an IGA score of 0 or 1 with at least a
2-point improvement compared to baseline) at week 16 were 43
and 33% in the lebrikizumab arm vs. 13 and 11% in the placebo
arm in the two studies, respectively. The rates of achieving EASI75
were 59 and 51% in the lebrikizumab arm and 16 and 18% in the
placebo arm in the two studies, respectively. Conjunctivitis and
dry eye symptoms were the most commonly reported adverse
events [77].

Cendakimab (anti-IL-13) and Eblasakimab (anti-IL-13Ra1) are
currently in phase Il of development, but the results are not yet
available.

Terminated for lack of efficacy [133].

FcERI expression was not significantly
different between the group that received
omalizumab (20.5 positive cells per field)
and the control group (13.66 positive cells
per field).

The mean decline in SCORAD was —12.2 in
omalizumab vs. —1.5 in placebo (p

[161].

Results

Pending.
Pending.
Pending

FcERI expression 3 months after
drug administration.

Decline in SCORAD at week 24.
% Change in the EASI score at

% Change in the EASI score at
week 12.

% Change in the EASI score at
week 16.

week 16.
Incidence of TEAEs

Primary endpoint

IL-5. IL-5 induces the migration of eosinophils, which have an
important role in allergic diseases such as asthma and eosinophilic
esophagitis. However, the pathogenic role of eosinophils in
AD s still unclear [78]. The inflammatory infiltrate of AD shows
the presence of eosinophils, and skin eosinophil numbers are
particularly increased in patients with an onset of AD before
adulthood [79, 80]. A high number of AD patients show elevated
eosinophil levels in the blood, which appear to correlate with
disease severity [81]. Eosinophil blood levels are more pronounced
in patients with extrinsic AD and associated respiratory allergic
disease [46, 82, 83].

Mepolizumab is an IgG1k IL-5 inhibitor that was studied in a
phase Il clinical trial, which has since been terminated for reaching
the futility criteria: mepolizumab did not reach primary endpoints
of clinical improvements after 16 weeks of treatment, despite
achieving a significant decrease in the number of peripheral blood
eosinophils (NCT03055195; Table 1) [84]. The decrease in the
number of blood eosinophils may have a negligible impact on
resident skin eosinophils, or their activation status or mepolizu-
mab concentration in the skin might not have been optimal [84].
Another possible explanation is that mepolizumab may be more
effective in preventing flares in stabilized AD than in controlling
active disease, as was the case in asthma patients [84].

Similarly, benralizumab interferes with IL-5 activity, blocking IL-
5Ra. Benralizumab has been investigated in two phase Il trials, one
of which has been completed; however, the results have not yet
been released. (NCT03563066, NCT04605094).

ADAPT trial, children, TCSs

NCT03736967 (Phase Il) vs.
NCT03738423 (Phase Il)
NCT00367016 (Phase IV)
NCT02300701 (Phase IV,
were allowed)
NCT01552629 (Phase I1)
NCT04271514 (Phase I)

Clinical trial (NCT
dupilumab

number)

Drug
Itepekimab,
REGN3500
Omalizumab
Ligelizumab
RPT193

Target
IgE
CCR4

continued

recruitment

Assessment, IGA success, clear or almost clear (grade 0 or 1) and at least a two-grade improvement in the IGA score from baseline, LD low dose, SCORAD SCORing Atopic Dermatitis, SCORAD50 >50% reduction in

BSA body surface area, EASI Eczema Area and Severity Index, EAS/ 50 250% reduction in the EASI score from baseline, EASI 75 275% reduction in the EASI score from baseline, HD high dose, IGA Investigator Global
SCORAD from baseline

The table summarizes the results of the most advanced clinical trials for each drug

Table 2
Axis
IgE
T-cell
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Status of investigation

Completed.

5mg), —2.32 (serlopitant 1 mg), —2.01 (placebo)

Change in the WI-NRS score was not significantly
[245].

different between groups: —2.25 (serlopitant

Results

Change in the WI-NRS

Primary endpoint
score at week 6.

Clinical trial (NCT number)
NCT02975206 (ATOMIK,

Phase II)
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Completed.

Change in I-NRS was not significantly different
between groups: —3.03 (ZPL-3893787), —2.66

(placebo); but change in EASI was significant

Change in the I-NRS score

at week 8.

NCT02424253 (Phase )

ZPL-3893787/
Adriforant

H4R

(—50% in ZPL-3893787 vs. —27% in placebo)

[193].

Completed, phase IlI
programmed.

Primary endpoint was met in subset of

Change in the I-NRS score

at week 12.

NCT04018027 (Phase )

Difelikefalin

OPRK1

participants with mild AD (BSA < 10) [195].

The table summarizes the results of the most advanced clinical trials for each drug

AA arachidonic acid, BSA body surface area, COX cyclooxygenase, CRTH2 prostaglandin D2 receptor 2, EASI Eczema Area and Severity Index, EASI 75 275% reduction in the EASI score from baseline, IGA

Investigator Global Assessment, IGA success clear or almost clear (grade 0 or 1) and at least a two-grade improvement in the IGA score from baseline, I-NRS Itch Numerical Rating Scale, LOX lipoxygenase, PDE

phosphodiesterase, PG prostaglandin, PGA physician’s global assessment, VAS visual analog scale, WI-NRS Worst Itch Numeric Rating Scale

TSLP. TSLP is a cytokine produced in response to proinflamma-
tory stimuli that potentiates Th2 skewing. It is overexpressed by
the keratinocytes of patients with acute or chronic AD and acts on
many immune cells (mast cells, DCs, and natural killer cells),
inducing the production of IL-4, IL-5, IL-13 and TNF-a [85-87]. TSLP
also induces DCs to express OX40L, which binds to OX40 on T cells
to further stimulate the production of Th2-related cytokines
[86, 88].

Tezepelumab (MEDI9929/AMG157) is a monoclonal antibody
that targets TSLP. It was investigated in a phase lla trial in
combination with TCSs for 12 weeks. After 12 weeks of treatment,
a higher number of patients in the treatment arm (64.7% vs. 48.2%
in the placebo arm) reached the primary endpoint of achieving
EASI50 at week 12, but the results failed to reach statistical
significance [88]. The most common adverse event in the
treatment group was nasopharyngitis (NCT03809663) [88]. Since
preclinical studies implicate a role for TSLP in AD, the limited
efficacy seen in this study is surprising. Several factors might have
contributed to this outcome; for instance, only 20% of the enrolled
patients had a severe form of the disease [88]. It is also possible
that the concomitant use of TCSs (which was higher in the
placebo-treated patients) might have caused a higher placebo
effect [88]. Finally, given the upstream mechanism of action of
TSLP, a longer treatment period may reveal greater improvements
in AD symptoms [88].

0X40/0X40L. 0OX40 belongs to the tumor necrosis factor (TNF)
receptor superfamily and acts as a costimulatory receptor. It is
expressed upon activation by T cells, including effector T cells and
regulatory T cells (Tregs). In inflammatory states, OX40L is
expressed by TSLP-activated antigen-presenting cells, including
DCs and endothelial cells [14, 89-91]. The OX40-OX40L interaction
induces the expansion and prolonged survival of effector T cells,
suppressing their apoptosis, promoting their activation, and
inducing cytokine production, including Th2 cytokines (IL-4, IL-5,
IL-13, and IL-31) [90, 92]. It also promotes and sustains the
expansion of Th2 central memory cells and facilitates T-cell
adhesion and migration [93]. Blocking this receptor-ligand
interaction prevents the subsequent activation of the Th22
pathway following Th2 activation and may also encourage T-cell
tolerance and regulatory T-cell (Treg) proliferation [92].

GBR830 is an anti-OX40 monoclonal IgG1 antibody that has
undergone phase lla testing with promising results. In this study,
patients were randomized to receive two doses of placebo or
GBR830 28 days apart. In the treatment group, the rates of
achieving EASI50 at Day 71 were significantly higher than those in
the placebo group (76.9% vs. 37.5%). The GBR830 group was
found to have a treatment-emergent adverse event (TEAE)
distribution that was similar to that of the placebo group [94].

Amlitelimab (KY1005) is an anti-OX40L monoclonal antibody
currently undergoing phase Il testing (NCT03754309, NCT05131477).
The results of a phase lla clinical trial (NCT03754309) showed that the
drug was superior to placebo: the average improvement in the EASI
score from baseline was 80% for the amlitelimab-low dose treatment
group and 70% for the amlitelimab-high dose group vs. 49% in the
placebo group after 12 weeks of treatment [95]. Moreover,
amlitelimab decreased IL-22 serum levels over the course of the
study, but IL-22 baseline serum levels did not differ between
responders and nonresponders [96].

Rocatinlimab (KHK4083/AMG451) is an anti-OX40 monoclonal
antibody that showed promising results in a 16-week-long phase Il
trial (NCT03703102) [97]. Improvement in the EASI score from
baseline (%) and rates of achieving EASI75 and IGA success were
higher in the KHK4083 group than in the placebo group at the end
of the treatment period. Interestingly, additional improvement was
observed after week 16. Pyrexia, chills, nasopharyngitis, and AD
worsening were the most frequent adverse events, similar to those
reported in the phase | trial [98]. On a molecular level, rocatinlimab
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was demonstrated to reduce not only Th2/Th22-related markers in
serum (CCL17, IL-22) but also pruritus-related molecules (neurturin,
neurotrophin-3). In addition, skin transcriptomic analysis revealed a
reduction in the expression of OX40 and Th2- (IL-13, IL-31, CCL17)
and Th1/Th17/Th22-related markers (the Th1-associated transcrip-
tion factor Tbet, IL-17A, and IL-22) and was demonstrated to improve
the expression of skin barrier molecules (FLG, CLD23) [99].

The Th17/IL23 pathway

The Th17/IL23 axis is the primary target for the treatment of
psoriasis; however, it is also upregulated in AD. Several AD
phenotypes, including intrinsic AD, Asian AD, and pediatric AD
phenotypes, exhibit a higher Th17/IL23 skew [28]. AD lesional skin
shows an upregulation of cytokines and molecules belonging to
the Th17 axis (such as IL-17A, 1L-12/23p40 and IL23p19, CCL20,
PI3/Elafin, lipocalin-2) compared to the skin of healthy controls
[25, 100]. IL-23 activates Th17 cells, which regulate AMP production
by keratinocytes and induce the downstream production of IL-17
and IL-22 [25, 94, 100]. IL-17 and IL-22 worsen AD by down-
regulating FLG and other genes important for cellular adhesion,
which increase skin barrier dysfunction and contribute to tissue
inflammation [101]. Treatments targeting the Th17/IL23 pathway
are summarized in Table 2.

IL-23.  Ustekinumab (anti-IL-12/23p40) and risankizumab (anti-IL-
23p19) are currently approved for the treatment of plaque
psoriasis. Their efficacy in the treatment of AD has been
investigated in phase Il clinical trials (NCT01945086 [102],
NCT01806662 [103] for ustekinumab and NCT03706040 [104] for
risankizumab); however, they failed to reach the primary end-
points [105]. Ustekinumab was not superior to placebo in meeting
the primary endpoints (achieving SCORAD 50 [103] and a change
in the EASI score from baseline [102]) [105]. However, a
transcriptomic investigation showed significant modulation of
AD-related immune pathways (Th2, Th17, Th22, and Th1) with
robust immune and inflammatory gene downregulation and
improvement in terminal differentiation and skin hyperplasia after
ustekinumab treatment [103]. Possible reasons for the lack of
clinical efficacy may be that ustekinumab, used at the dosages
recommended for psoriasis, might be underdosed for AD, and the
use of TCSs might have contributed to a high placebo effect [103].
The results of a phase Il clinical trial investigating the efficacy of
risankizumab in the treatment of AD (NCT03706040) also showed
no differences in the primary endpoint (achieving EASI75)
between the placebo and risankizumab groups [104].

IL-17A.  Secukinumab, an anti-IL-17A antibody currently used for
the treatment of plaque psoriasis, has been investigated in the
treatment of AD in a pilot study (NCT02594098) [106]. Ultimately,
the results of this study demonstrated no significant differences
between the secukinumab group and the placebo group in clinical
improvements (changes in SCORAD and the EASI score from
baseline) at week 16 [106]. In line with this finding, no significant
differences were noted in epidermal thickness, epidermal
hyperplasia (K16, ki67), or immune cell infiltration between the
secukinumab and placebo groups. The AD skin transcriptomic
profile was minimally impacted by secukinumab treatment, and
no significant differences were observed in the extrinsic vs.
intrinsic AD groups or in the Asian patient subgroup. Based on
these results, targeting IL-17 alone does not seem to be sufficient
to successfully treat AD. Another phase Il trial has been completed,
but results have yet to be published (NCT03568136).

The Th22 pathway

The Th22 axis is directly involved in AD pathogenesis: both Th22
cells and Tc22 cells have a pathogenetic role and are present
in increased numbers in skin samples from patients with AD
compared to healthy controls [107]. Both acute and chronic
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AD lesional skin express higher levels of IL-22 [107-109]. The
activation of the Th22 pathway is believed to play a key role in
linking the barrier and the immune defects in AD. Th22 cells
produce IL-22, which contributes to skin barrier damage by acting
on keratinocytes, inhibiting their differentiation and promoting
epidermal hyperplasia [100, 107-110]. IL-22 skin expression
correlates with disease severity and response to treatment
[107-109]. Treatments targeting the Th22 pathway are summar-
ized in Table 2.

IL-22. Fezakinumab is an anti-IL-22 monoclonal antibody that
was tested in a phase lla trial [111]. The primary endpoint,
measured as the change in SCORAD from baseline, was not met
after 12 weeks of treatment; however, it reached statistical
significance at week 20, 10 weeks after the last fezakinumab dose
[111]. Upper respiratory tract infections were the most frequently
reported adverse event [111]. When patients were analyzed
according to severity at baseline, the patients with severe AD
showed significant SCORAD improvement compared to the
placebo group as early as week 6 [111]. Moreover, IL-22 blockade
with fezakinumab was demonstrated to induce a reversal of the
AD genomic profile [112]. When participants were stratified based
on baseline skin IL-22 mRNA expression, high baseline IL-22
patients showed a stronger molecular response [112]. In this
subset of patients, there was a significant downregulation of
multiple AD-associated immune axes (Th2, Th22, Th17, and Th1),
similar to what was observed with dupilumab treatment. Overall,
these results represent an example of the application of a
personalized medicine approach and confirm IL-22 as a pathoge-
netic cytokine in AD. These observations highlight how a clear
definition of assessment time points and patient stratification are
important to determine treatment efficacy.

IL-17C.  The IL-17 family consists of a total of 6 members (IL-17A-F,
with IL-17E also called IL-25) [113]. IL-17C is produced mainly by
epidermal keratinocytes, while IL-17A is produced mainly by Th17
lymphocytes [114]. The effects of IL-17A and IL-17C on keratinocytes
are similar: they induce the production of S100A proteins, AMPs,
CXCL1, CCL20, IL-36 IL-1, and IL-8 and stimulate epidermal
hyperplasia [41, 115]. IL-17C further potentiates Th17 activation
in an autocrine and paracrine manner, favoring the production of
IL-17A, IL-17F, and IL-22. IL-17C and IL-17A mutually influence one
another’s production: IL-17C induces IL-17A synthesis in T lympho-
cytes, and IL-17A induces IL-17C synthesis in keratinocytes [114].

MOR106 is an anti-IL-17C monoclonal antibody that demon-
strated promising results in a phase | study and a favorable safety
profile [116]. However, the phase Il clinical trial (NCT03864627) was
terminated due to a low probability of meeting the primary
endpoint. All clinical developments of MOR106 have now been
discontinued [117].

The IL-1 family

IL-1 is a proinflammatory cytokine that plays a central role in
innate immunity [118]. The IL-1 family includes 11 cytokines, IL-1q,
IL-1B, IL-1Ra (IL-1 receptor antagonist alpha), IL-18, IL-33, IL-33, IL-
360, IL-36pB, IL-36y, IL-36ra, IL-37, and IL-38 [118]. The receptor for
IL-1a and IL-1B is IL-1R1, that for IL-33 is ST2 (also called
interleukin-1 receptor-like 1, IL-1RL1), and that for IL-36 is IL36R
(also called interleukin-1 receptor-like 2, IL1-RL2). IL-1Ra exerts an
anti-inflammatory effect due to its ability to bind to IL-1R1,
preventing IL-1a and IL-1B signaling [118]. IL-1a and IL-1p are
produced by cells belonging to the innate immune system,
including macrophages and monocytes [119]. IL-1 is abundantly
expressed in the skin, and the balance between IL-1Ra and IL-1 is
important in the maintenance of epidermal homeostasis [120].
Inflammatory cutaneous diseases, including psoriasis, alopecia
areata, and AD, are associated with increased IL-1 expression in
the skin [121, 122]. Exposure to external agents such as house
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mouse allergens or UVB has been shown to induce increased IL-1
secretion from keratinocytes [123]. IL-1 contributes to Th17 and
Th2 cell development and to the chronification of AD lesions
through an increase in Th1 shifting [118, 124].

The IL-1 family can be divided into three different subfamilies:
the IL-1, IL-18, and IL-36 subgroups. The IL-36 subgroup is
composed of IL-36q, IL-36(3, IL-36y, IL-36RN (alias IL-36RA), and
IL-38. AD lesional skin shows higher levels of IL-36 and IL-36RN
[125]. IL-36 cytokines are produced mainly by keratinocytes, and
they sustain and propagate skin inflammation: they induce
the production of chemokines that drive immune cell chemotaxis,
including macrophage and T-cell chemokines (CCL2, CCL3, CCL4,
CCL5, CCL17, CCL22, CCL20) and neutrophil chemokines (IL-8,
CCL20, and CXCL1); activate and induce antigen-presenting cells
to produce IL-1 and IL-6; and indirectly drive T-cell proliferation
[126]. Treatments targeting the IL-1 family are summarized in
Table 2.

IL-Ta. Bermekimab is an anti-IL-1a monoclonal antibody that has
been investigated in a phase Il, open-label, dose-escalation study
(NCT03496974) [127]. In this study, two active treatment cohorts,
bermekimab 200 mg and bermekimab 400 mg, were compared.
The primary endpoint was safety, measured as the number of
patients exhibiting TEAEs. Thirty percent of patients in the cohort
receiving 200 mg of the drug compared to 21.4% of patients
receiving 400 mg of the drug had TEAEs. Improvements in the
mean change in EASI scores from baseline and other severity
scores (IGA, pain, and pruritus scores) were reported with a higher
magnitude for the 400 mg group than the 200 mg group [127].
Another phase Il trial comparing placebo, bermekimab 200 mg
every week and bermekimab 200 mg every other week is currently
in progress (NCT04021862).

IL-36. Spesolimab (Bl 655130) is a humanized monoclonal IgG1
that binds to IL-36R. Two phase Il clinical trials investigating
spesolimab for the treatment of AD (NCT03822832, NCT04086121)
have been completed. One of these studies (NCT04086121),
enrolling a total of 14 patients, evaluated the long-term safety of
spesolimab: TEAEs were reported in 64.3% of patients, with
nasopharyngitis being the most common. EASI50 was reached by
33.3% of patients [128].

IL-33. IL-33 is released by keratinocytes and contributes to both
inflammation and skin barrier disruption in AD. Exposure to
allergens or staphylococcal toxins induces high levels of IL-33 in
AD skin [129-131]. IL-33 downregulates FLG expression; favors
the activation of Th2 lymphocytes; increases the production of
IL-4, IL-5, and IL-13; amplifies the TSLP-OX40L axis; and activates
mast cells and eosinophils, ultimately potentiating Th2 “responses
[129-131].

Etokimab, a G1k humanized anti-IL-33 monoclonal antibody,
was evaluated in a 16-week-long, phase llb clinical trial but failed
to achieve its primary endpoint and is no longer being tested for
the treatment of AD (NCT03533751) [132]. Another IL-33 inhibitor,
itepekimab (REGR3500), failed to reach significance in a phase |l
clinical trial that was terminated owing to a lack of efficacy
(NCT03736967) [133], while the results of another phase I
monotherapy trial (NCT03738423) have been submitted and are
awaiting quality control before publication. The inhibition of IL-33
has not been demonstrated to be able to impact the course of AD
to date, while it has demonstrated some efficacy for the treatment
of asthma, a common AD comorbidity [134].

The JAK-STAT signaling pathway and SYK

Janus kinases (JAKs) and signal transducer and activator of
transcription proteins (STATs) modulate the intracellular signaling
of key cytokines implicated in AD, such as Th2 (IL-5, IL-4, IL-13),
Th17 (IL-17A, IL-17F, IL-21), Th22 (IL-22) and Th1 (IFN-y, IL-2, TNF-B)
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cytokines [135]. Four kinases, JAK1, JAK2, JAK3, and TYK2 (tyrosine
kinase 2), belong to the JAK-STAT family. After the phosphoryla-
tion of their intracellular receptors, they mediate the activation of
transcription factors belonging to the STAT family (STAT1, STAT2,
STAT3, STAT5A/B, STAT6) and their translocation to the nucleus.

JAK1 and JAK3 mediate the signaling of IL-2, IL-4, IL-7, IL-9, IL-15
and IL-21 [136]. Intracellular signaling activated by IL-4 is mediated
by a complex interaction of STAT3, STAT5, and STAT6 [137, 138].
STAT6 mediates responses that lead to Th2 and Th9 differentiation
and IgE class switching on B cells [138]. Genetic variants of STAT6
have been linked to allergic diseases, including AD and increased
IgE levels [139]. IL-13 signaling is mediated by JAK1/2 and TYK2,
while IL-31 signaling is mediated by JAK1 and JAK2 [135]. JAK2
also mediates the signaling of IL-3, IL-5, and GM-CSF, while TYK2
mediates IL-23, IL-12, IFNs, and IL-6 signaling [139]. Thi
differentiation is mediated by JAK1, JAK2 and TYK2. IL-12, IL-23
and type 1 IFNs signal through the activation of STAT4 [139].
Overall, STATs are also important for mediating the signals of
innate immunity, Th17 differentiation, regulatory T-cell differentia-
tion, and CD8 T-cell and B-cell function [135]. JAK inhibition has
been associated with a substantial antipruritic effect for which
different mechanisms have been proposed. The stimulation of IL-
4Ra expressed on sensory neurons and the subsequent activation
of JAK1T may induce itch transmission [140]. JAK inhibition may
also decrease itch transmission by modulating the signaling of
TRPV1 (transient receptor potential vanilloid receptor 1) expressed
on dorsal root ganglia (DRGs) [141]. Mouse models also support a
role for JAK1 inhibition in controlling itch [140].

SYK, also known as spleen tyrosine kinase, is involved in
Th17 signaling and in keratinocyte differentiation: it stimulates
Th17 cell recruitment in the skin, inducing keratinocytes to
produce CCL20 [142]; regulates epidermal growth factor receptor
signaling; and negatively affects keratinocyte differentiation [143].
SYK is also involved in B-cell responses, along with dendritic cell
differentiation [144, 145].

Given the broad effect of JAK and SYK on multiple immune
pathways, therapies targeting this axis have been investigated for
the treatment of a variety of inflammatory and autoimmune
diseases, such as psoriasis, alopecia areata, and AD. Currently, one
topical JAK-STAT inhibitor (ruxolitinib) for mild-to-moderate AD
and two oral formulations (abrocitinib and upadacitinib) for
moderate-to-severe AD are approved by the FDA. Complete lists
of JAK-STAT inhibitors investigated for the treatment of AD,
including oral small molecules and topical treatments, can be
found in Tables 5 and 6, respectively.

Abrocitinib is a JAK1 inhibitor that, in January 2022, was
approved by the FDA for adult patients, and it is currently
undergoing phase lll testing in comparison with dupilumab
(NCT04345367, NCT03720470). The JADE COMPARE study
(NCT03720470) was not designed to make direct comparisons
between abrocitinib and dupilumab; consequently, direct conclu-
sions on superiority or inferiority cannot be made [146]. However,
abrocitinib demonstrated rapid efficacy in treating AD, especially
in patients with difficult-to-treat locations of disease. Regarding
safety, nausea, upper respiratory infections, and headache were
the most commonly reported side effects [62, 147]. Abrocitinib
induced a transient dose-dependent decrease in platelet counts
that was not associated with bleeding or other clinically relevant
events [62, 147].

In January 2022, upadacitinib, another JAK1 inhibitor, was
approved for patients 12 years and older. In a 16-week, phase llI
trial of upadacitnib compared to dupilumab, EASI75 was
evaluated as the primary endpoint [148]. EASI75 was achieved
by significantly more upadacitinib-treated patients than by
dupilumab-treated patients (71% vs. 61.1%, respectively). Upa-
dacitinib demonstrated superiority to dupilumab in all secondary
endpoints, including improvement in the Worst Itch Numeric
Rating Scale (WI-NRS) score (31.4% vs. 8.8%) and the percentage
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of patients achieving EASI75 (43.7% vs. 17.4%) and EASI100 at
week 16 (27.9% vs. 7.6%). The most commonly reported adverse
events were acne, creatine phosphokinase (CPK) elevation, and
upper respiratory tract infections [148].

Baricitinib is a JAK1/JAK2 inhibitor that is currently indicated
for adults with moderate-to-severe AD in Europe and Japan.
It has undergone different phase Il trials (see Table 3). The
BREEZE-ADS trial (NCT03435081) [149] studied baricitinib mono-
therapy in patients with moderate-to-severe AD. The primary
endpoint of achieving EASI75 was reached in 29.5% of patients
receiving baricitinib 2 mg compared to 12.9% of the baricitinib
1mg and 8.2% of the placebo groups. A higher number of
adverse events, the most common being headache, increased
blood CPK levels, and nasopharyngitis, occurred in the
baricitinib-treated group [149]. Baricitinib is currently being
tested in children and adolescent patients (BREEZE-AD-PEDS,
NCT03952559).

Gusacitinib is an oral JAK/SYK inhibitor that showed superiority
to placebo in a phase | clinical trial (NCT03139981) [150].
Treatment with gusacitinib induced a reduction in inflammatory
serum markers belonging to the Th2 (IL-13, CCL13, CCL17), Th17
(IL-27, KYNU), and Th1 (CXCL9, CXCL10, CXCL11, IL12/23p40) axes
[150]. The same axes were targeted in the skin, where gusacitinib
reversed the AD transcriptome toward a nonlesional phenotype,
reducing the expression of several inflammation markers [151].
Gusacitinib also improved skin thickness, skin hyperplasia (K16
expression) and T-cell (CD3) and dendritic cell (CD11c) infiltration
[151]. The results of a phase Il trial have been submitted but are
not yet available (NCT03531957). Another phase Il trial was
terminated (NCT03654755).

Topical JAK inhibitors are also under investigation for the
treatment of mild and moderate AD (Table 5). Ruxolitinib cream
is a JAK1/JAK2 inhibitor that was approved by the FDA in 2021 in
patients 12 years and older. It has undergone two phase Il studies
(TRUE AD1 and TRuE AD2, respectively NCT03745638 and
NCT03745651) in which the primary endpoint was the percentage
of participants achieving IGA success at 8 weeks. In TRUE AD1, IGA
success was achieved at rates of 7.6%, 39%, and 51.3% for the
placebo, ruxolitinib 0.75%, and ruxolitinib 1.5% groups, respectively.
In TRUE AD2, IGA success was achieved at rates of 15.1%, 50%, and
53.8% in the same corresponding groups. The most common AE in
the treatment groups was nasopharyngitis [152]. A phase Il study in
children (NCT04921969) is currently recruiting patients.

Tofacitinib is a JAK1/JAK3 inhibitor that has undergone phase Il
study in the form of an ointment formulation. At the end of a
4-week phase Il trial, the primary endpoint of a percent
improvement in the EASI score was evaluated: the EASI score in
the treatment group declined by 81.7%, compared to 29.9% in the
placebo group. Nasopharyngitis was the most common TEAE
(NCT02001181) [153].

Ifidancitinib is a JAK1/JAK3 inhibitor that was tested in a phase
Il trial as a topical solution. Safety and tolerability were evaluated
as the primary outcome at 8 weeks. The trial showed no
mortality, a serious adverse event (cellulitis in one of the 22
patients), and other adverse events in 7 of the 22 patients
(NCT03585296) [154].

Delgocitinib cream is a JAK1/JAK2/JAK3/TYK2 inhibitor currently
in phase Il testing. In the phase Il trial NCT03725722, patients were
randomized to receive vehicle cream or delgocitinib cream at
different concentrations (1 mg/g, 3 mg/g, 8 mg/g, or 20 mg/q).
EASI score improvement at week 8 in these respective groups was
measured as —1.9, —5.0, —4.9, —5.8, and —7.6, demonstrating an
encouraging dose-response curve for delgocitinib. The incidence
of adverse events was similar in the two groups. In Japan, topical
delgocitinib is approved for AD, while several phase Il trials of
topical delgocitinib for the treatment of chronic hand eczema are
currently recruiting (NCT05355818, NCT04871711, NCT04872101,
NCT05259722, NCT0494984).
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In AD, the Th2-driven expression of cytokines IL-4 and IL-13
activates B cells to overproduce IgE antibodies [70]. External
antigens and allergens absorbed into the skin come in contact
with IgE attached to the surface of mast cells. This link causes the
degranulation of mast cells and the release of histamine and other
mediators that cause pruritus and sustain Th2 skewing [155-157].
In addition, CD8 T cells are activated by antigen-bound IgEs and
are associated with increased disease length and severity [158].
Mast cells and DCs normally express the receptor for IgE, type |
(FCeR1), but in AD skin, its expression is higher than in the skin of
healthy individuals [159]. Patients with extrinsic AD show a
positive correlation between SCORAD and IgE levels [26].

Drugs that target IgE represent a possible therapeutic approach
for extrinsic AD (see Table 2). Omalizumab is a recombinant IgGk
anti-Igt monoclonal antibody targeting the high-affinity receptor
binding site on human IgE, and it has demonstrated variable and
contrasting results in the treatment of AD. One meta-analysis,
analyzing 15 studies, showed that only 43% of the patients met
the clinical efficacy criteria (defined as achieving either SCORAD-
50 or EASI75 or IGA success) after omalizumab treatment. Patients
with lower IgE serum concentrations showed better responses
[160]. Omalizumab was investigated for the treatment of severe
AD in children in a phase IV study (NCT02300701). Omalizumab
was found to induce a significant improvement in treated patients
(measured as a decline in SCORAD at week 24) with a potent
TCS-sparing effect compared to placebo [161].

Ligelizumab is a humanized IgGlk monoclonal antibody
targeting the immunoglobulin constant epsilon region of the
heavy chain of IgE (IGHE). Ligelizumab to treat the extrinsic
endotype of AD is currently in phase Il testing (NCT01552629).

Phosphodiesterase 4 (PDE4)

PDE4 is involved in cyclic adenosine monophosphate (cAMP)
catabolism in inflammatory and immune cells such as B and T
lymphocytes, basophils, mast cells, eosinophils, monocytes,
macrophages, neutrophils, and endothelial cells [162]. Low levels
of cAMP inside these cell populations promote inflammation via
AD-related pathways (Th1, Th2, Th17, and Th22) [163]. Thus, the
inhibition of PDE4 leads to a persistent increase in cAMP levels
and subsequently reduces T-cell activation and cytokine produc-
tion, ultimately exerting an anti-inflammatory effect [164]. For
these reasons, phosphodiesterase 4 (PDE4) is an important target
of both topical and systemic treatment for AD (see Table 3 for
systemic and Table 5 for topical PDE4 inhibitors).

Apremilast is a small molecule that has been studied in 4 phase
lla clinical trials for the treatment of AD and AD subtypes, such as
nummular eczema (NCT02087943, NCT01393158, NCT00931242,
NCT03160248), at different dosages. In a phase Il trial
(NCT02087943), 191 patients were randomized to three different
treatment arms, placebo, apremilast 30 mg twice a day (BID) or
apremilast 40 mg BID, and EASI score improvement after 12 weeks
was 10.98%, 25.99%, and 31.57%, respectively [165]. Only the
improvement registered in the apremilast 40 mg group was
significant vs. placebo (NCT02087943); however, an independent
safety monitoring committee discontinued apremilast 40 mg.
Adverse events were more frequent in the apremilast 40 mg
group, and the most commonly reported were nausea, diarrhea,
headache, and nasopharyngitis [165]. A phase Il study of
apremilast in combination with dupilumab is currently recruiting
(NCT04306965).

Crisaborole 2% ointment is a topical PDE4 inhibitor that is
currently approved by the FDA for the treatment of AD in patients
older than 3 months of age. Phase Ill testing showed significant IGA
score improvement in the treatment group at 29 days (IGA score
improvement of 32.8%) compared to the placebo group (IGA score
improvement of 25.4%) [166, 167]. The most frequently reported
adverse event was upper respiratory tract infection (NCT02118766)
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[167]. An intrapatient study demonstrated that crisaborole, but not
vehicle, was able to act on the AD transcriptomic profile, decreasing
the expression of Th2, Th17 and Th22 markers and reducing
epidermal AD changes [166]. Several other PDE4 inhibitors are
currently being tested (see Table 5).

Aryl hydrocarbon receptor system

The aryl hydrocarbon receptor (AhR) system is a sensitive sensor
abundantly and constitutively expressed in healthy skin. It
regulates the skin’s response to environmental toxins, including
dioxins and other exogenous and endogenous chemicals such as
tryptophan photoproducts [168]. Based on the ligand and on the
duration of the activation, AhR can exert antioxidative or oxidative
activity [169]. For example, hazardous dioxins induce the
translocation of cytoplasmic AhR into the nucleus, where it
heterodimerizes with AHR-nuclear translocator (ARNT) and
induces the transcription of CYP1A1, which degrades AhR ligands.
However, dioxins are chemically stable and long-lived; therefore,
CYP1A1 generates high amounts of reactive oxygen species (ROS)
while trying to degrade them. On the other hand, some AhR
ligands can activate nuclear factor-erythroid 2-related factor 2
(NRF2), which upregulates the expression of antioxidative
enzymes (such as heme oxygenase 1, NADPH dehydrogenase,
and quinone 1) that counteract ROS production. AHR/ARNT
signaling also activates the OVO-like 1 (OVOLT) transcription
factor and upregulates the expression of FLG, LOR, and INV [169].

In AD, IL-13 and IL-4 activate STAT6, which interferes with the
translocation of the transcription factor OVOL1 and inhibits the
OVOL1-induced upregulation of FLG, LOR, and INV. Some AhR
agonists can inhibit IL-4/IL-13-mediated STAT6 activation and
restore the expression of FLG, LOR, and INV [170, 171].

On immune cells, AhR is expressed in Th17 and Treg cells and
upregulates the expression of IL-17A, IL-17F, and IL-22 [169]. AhR
ligation affects Th17 and Treg cell differentiation, but outcomes
are inconsistent in different experiments, most likely due to
different effects depending on the dose and duration of AhR
activation. In a mouse model, it was demonstrated that high doses
of AhR agonists increased the production of IL-10 and FoxP3+
Tregs, while low doses did not induce Tregs but instead increased
the percentage of IL-17-producing CD4 + cells [172].

It was suggested that different ligands and durations of
activation are responsible for the duality of AhR activation in
AD. While rapid-metabolizing AHR ligands that activate the AHR/
ARNT/FLG axis may be beneficial in treating AD, other slow-
metabolizing dioxins and environmental pollutants cause potent
and long-lasting activation of the AHR axis, which exacerbates
barrier dysfunction and aggravates AD, likely due to an
abnormally accelerated keratinization process, epidermal acantho-
sis, the elongation of nerve fibers, and the production of
pruritogenic artemin [169].

Tapinarof is a high-affinity AHR agonist that is currently being
tested as a topical cream to treat AD in a phase Il trial (see Table 6).
Tapinarof exerts antioxidative activity via NRF2 activation and
augments the expression of FLG and INV [169, 171]. In a 12-week
trial (NCT02564055), patients receiving tapinarof 1% twice a day had
a significantly greater improvements in IGA scores than those
receiving placebo (58% vs. 24% vehicle) [173]. Folliculitis and upper
respiratory tract infections were the most frequent adverse events
[173]. A phase Il trial in pediatric patients (NCT05186805) and 3
phase lll clinical trials in children and adults with AD are currently
recruiting patients (NCT05142774, NCT05014568, NCT05032859).

Pruritis-related targets

Chronic pruritis is the most burdensome symptom of AD. The
molecular mechanisms that lead to pruritus are very complex
and, for some aspects, still unclear. A fundamental role is played
by IL-31 production and IgE-activated mast cell degranulation
of histamine [174]. Histamine triggers itch by stimulating
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unmyelinated C fibers [175]. The H4 histamine receptor is
associated with the immunomodulation and chemotaxis of mast
cells and eosinophils [176, 177]. When the H1 histamine receptor
is activated, it stimulates TRPV1 and mediates the sensation of
pruritus [178]. TRPV1 is expressed primarily in unmyelinated
sensory neurons. The neuropeptide substance P is involved in the
neurotransmission of itch when bound to its receptor, neurokinin
1 receptor (NK1R), which is expressed by keratinocytes, mast cells,
endothelial cells, fibroblasts, and sensory nerve endings in the skin
[179]. Phospholipase A2 and 12-lipoxygenase-dependent activa-
tion of TRPV1 on histamine-sensitive C fibers causes the release of
substance P [179]. Opioid receptors are also involved in the
modulation of itch. While p-opioid receptors (MORs) are believed
to transmit the sensation of pruritus, k-opioid receptors (KORs) are
believed to mediate an antipruritic signal when activated
[180, 181]. KORs are expressed not only in the peripheral nervous
system but also in immune cells and in human skin [180-182].
Systemic and topical treatments targeting pruritus associated with
AD are listed in Tables 4 and 6, respectively.

IL-31. IL-31 is considered the “itch cytokine”, as it plays a key role
in the symptoms of pruritus in AD. In a mouse model, IL-31 was
demonstrated to induce skin changes similar to those that occur
in AD, characterized by epidermal hyperplasia, acanthosis,
hyperkeratosis, and an increase in the number of inflammatory
cells and mast cells [183]. IL-31 expression is increased in AD
lesions and is thought to be responsible for perpetuating the itch-
scratch cycle [184]. Mononuclear infiltrating cells were found to be
IL-31-positive in samples from patients with severe AD [185]. IL-
31RA was detected not only in the neurons of normal DRGs but
also in dermal nerve fibers and in keratinocytes in the skin of AD
patients [185]. IL-31 signals through a receptor complex com-
posed of IL-31RA and OSMRB. OSMR is also expressed in small
nociceptive neurons in DRGs. Neurons that express OSMRp
also express TRPV1 and the transient receptor potential cation
channel subfamily A, member 1 (TRPA1) [186-188]. IL-31RA is
considered the key link between Th2-skewed inflammation and
the neurotransmission of itch through the stimulation of sensory
nerve endings [188].

Nemolizumab is an IgG2k antibody against IL-31RA that has
undergone clinical trials in both adults and adolescents. In a
phase lll, double-blinded, randomized, placebo-controlled trial
(NCT01986933), participants were randomized to receive nemo-
lizumab or placebo in combination with TCSs as needed [189]. The
primary endpoint was the change in visual analog scale (VAS)
score for pruritus at the end of 16 weeks. The nemolizumab group
had a significantly higher percent change than the placebo group
(—42.8% vs. —21.4%) [189]. However, the change in the EASI score
was nonsignificant, with a -45.9% change in the nemolizumab
group compared to —33.2% in the placebo group. There was a
slightly greater incidence of TEAEs with nemolizumab than with
placebo (upper respiratory tract infections and gastroenteritis
being the most common) [190]. No de novo cases of asthma were
reported; however, there was a dose-dependent increase in
asthma events in patients with a prior history of asthma. Another
phase Il trial is ongoing (NCT03985943) and will help clarify
whether nemolizumab has a durable effect and is safe for AD.

OSMRB. Oncostatin-M receptor B (OSMRP) is the common
receptor subunit for both IL-31 and oncostatin M (OSM) [108].
OMSRp and gp130 are the two subunits of the type Il oncostatin-
M receptor (OSMR). OSMR is located on epidermal keratinocytes
and is upregulated in skin lesions of both psoriasis and AD
patients [108]. Its ligand, OSM, is mainly produced by dermal
T cells and monocytes [191], and it induces the activation of
intracellular signaling that involves the JAK1/2, TYK2, STAT1,
STAT3, and MAPK pathways. It has a strong effect on keratinocytes
that are activated to produce alarmins such as ST00A proteins and
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beta-defensin 2, chemotactic proteins such as CXCL5 and IL-8
[108, 192] and products involved in tissue remodeling such as
MMP1 and tenascin [192]. OSM upregulates the expression of IL-4,
IL-4Ra, and other genes involved in Th2 inflammation and
immunity [192]. It downregulates the expression of terminal
differentiation genes (FLG, INV, LOR) and contributes to pruritus,
enhancing neuronal excitability to pruritogens [191].

Vixarelimab (KPL-716) is a monoclonal antibody that targets
OSMRB. In a phase Ib study, vixarelimab demonstrated a rapid
and sustained improvement in pruritus, measured as changes in
WI-NRS scores; however, it was not able to induce significant
changes in the AD-clinical scores (EASI or SCORAD) compared to
placebo [190]. Vixarelimab is no longer being investigated for
the treatment of AD but has been tested for pruritus in other
dermatological conditions (NCT03858634). A phase Il study is
currently investigating vixarelimab for the treatment of pruritus
in prurigo nodularis, but the results are not yet available
(NCT03816891).

H4R. The H4 receptor inhibitor known as adriforant (ZPL-3893787)
underwent phase Il testing to treat itch associated with AD (see
Table 4) [193]. Treatment with oral adriforant showed a higher
reduction in EASI scores and a higher proportion of patients
achieving IGA scores of 0/1 than placebo (50% vs. 27% and 18.5%
vs. 9.1%, respectively) at week 8. Although adriforant demonstrated
clinical efficacy in reducing AD severity scores, the 3-point reduction
in pruritus with adriforant was similar to the reduction observed in
the placebo group, resulting in a nonsignificant difference [193].

NKTR. Drugs that target NK1R attempt to block the neurotrans-
mission of histaminergic itch signaling carried by substance P (see
Table 4). Serlopitant is an oral NKIR antagonist that has
undergone phase Il testing to treat itch related to AD; however,
the change in WI-NRS scores in the treatment group was not
significantly different from that in the placebo group
(NCT02975206). Similarly, tradipitant, another oral NK1R antago-
nist, was not superior to placebo in reducing itch intensity in AD
patients in a phase Il study (NCT03568331). However, a
subanalysis demonstrated statistical significance for patients with
mild AD, defined as an IGA score of 1 or 2 at baseline [194].

OPRK1. Difelikefalin (DFK) is an oral KOR agonist that was
investigated for the treatment of moderate-to-severe pruritus in a
phase Il clinical trial (NCT04018027, see Table 4). A significant
reduction in pruritus was observed in a subset of difelikefalin-
treated patients characterized as having mild-to-moderate AD
(BSA < 10%) [195]. Skin transcriptomic analysis showed a decrease
in pruritus-related markers and in Th2-related markers in DFK-
treated patients [196].

The cannabinoid receptor system. Cannabinoids exert an anti-
pruritic effect through a combination of neuronal activation, the
modulation of pruritus transmission pathways and local modulation
of keratinocytes and mast cells. Cannabinoids can be classified
into endocannabinoids (anandamide and 2-arachidonoylglycerol
[2-AG]), phytocannabinoids (tetrahydrocannabinol, cannabidiol)
and synthetic cannabinoids (such as palmitoylethanolamine).
Increased activity of the cannabinoid receptors CB1 and CB2 has
been reported to alleviate pruritus. In contrast, the activation of
TPRV1 increases pruritus [197]. The cannabinoid receptor CB1
mediates mainly an antipruritic effect in the central nervous system,
while in the periphery, both CB1 and CB2 are thought to modulate
analgesia and pruritus [197]. Topical cannabinoid agonists are
thought to work both through peripheral nerve activity and by
decreasing the recruitment of mast cells and subsequent histamine
release [198, 199]. CB2 is widely expressed in immune cells, and
its activation decreases inflammation [200]. CB1 agonism reduced
Th-2-type cytokines in a mouse model of atopic dermatitis [201] and

Cellular & Molecular Immunology (2023) 20:448 - 474

P. Facheris et al.

is believed to suppress mast cell activation, proliferation and
degranulation [198, 202, 203]. No clinical trial of CB1/2 agonists for
the treatment of AD is currently active.

TRPV1 is a member of the TRP receptor family and is the most
studied TRP channel with regard to cannabinoid-mediated modula-
tion of pruritus. Cannabinoids act as antagonists of TRPV1 and
prevent neuronal activation by pruritic mediators [204]. Palmitoy-
lethanolamine (PEA) is a ligand at TRPV1 channels with no direct
interaction with CB1 and CB2 [205]. PEA and adelmidrol (a PEA
analog) have been studied for the treatment of pruritus in AD in a
large observational study [206] and in a small open-label study
[207], respectively, with encouraging results. A phase Il clinical
trial evaluating the effectiveness of topical PEA for reducing atopic
dermatitis severity compared to a base comparator moisturizer in
adults has been completed (NCT05003453), but the results have not
yet been released.

PAC-14028 cream is a selective TRPV1 antagonist that has
undergone phase Il testing for moderate-to-severe AD (see Table 6).
Adult participants were randomized into four different treatment
groups (vehicle cream, 0.1% PAC-14028 cream, 0.3% PAC-14028
cream, and 1% PAC-14028 cream), and IGA success rates at week 8
were 14.58%, 42.55%, 38.30%, and 57.45%, respectively. No
significant safety issues were reported, and no clinically meaningful
differences were found in the rate of the incidence of adverse
events among the treatment groups (NCT02757729) [208]. The
results of a phase Il trial are pending (NCT02965118).

Microbiota and bacterial therapy
Imbalances in the skin microbiome have been associated with skin
barrier defects, namely, FLG gene mutations, and with increased
inflammation in AD [209]. AD skin shows a loss of community
bacterial diversity and a dominant proliferation of S. aureus [210].
Study findings suggest that early-life colonization with S. aureus
predispose patients to the development of AD, while early-life
commensal non-S. aureus colonization is protective [211]. S. aureus
can penetrate the damaged AD skin barrier, and its proliferation
results in increased inflammatory cytokines and the exacerbation
of disease [18]. Disease severity correlates with greater skin
colonization with S. aureus [212], and it has been demonstrated
that anti-inflammatory therapy with dupilumab reduces the
abundance of S. aureus [212]. Consistent application of skin
emollients also affects the skin bacterial flora, inducing a
restoration of a microbiome more similar to that of unaffected
skin [213]. Therapies counteracting the proliferation of S. aureus
have been promising in AD [214]; however, the clinical efficacy of
antibiotics in this pathology remains questionable [215]. Other
approaches are based on the use of prebiotics that can have a
positive effect on the cutaneous microbiome [216]. In the past, the
use of orally administered probiotics has been controversial [217],
and other studies have addressed the utilization of bacterial
lysates or heat-inactivated bacteria. More recently, studies have
focused on the use of living bacteria or the topical use of certain
strains of bacteriophages that can infect a wide spectrum of
pathogenic S. aureus strains but do not attack S. epidermidis
existing in symbiosis on human skin [218]. Another option is the
use of bacteriophage endolysin (NCT02840955) or the combina-
tion of phages and surfactants [219].

Although the restoration of normal skin flora represents a well-
known field in AD treatment [220], randomized controlled clinical
trials are currently limited (see Table 6).

Epigenetic modifications

“Epigenetic” is a term that comprises chromatin modifications such
as DNA methylation, covalent modifications of histone proteins, and
noncoding RNA-dependent actions that regulate the expression of
genes within the genome. Epigenetic changes modulate the
activation or inhibition of the transcription process of the genetic
code without directly modifying the genetic code, and some
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studies suggest that epigenetic changes could be involved in non-
Mendelian transgenerational inheritance [221, 222].

Changes in DNA methylation have been studied in keratino-
cytes and immune cells in AD [223]. Hypermethylation changes in
the S100A proteins OAS2 and KRT6A were related to their
increased expression in lesional skin. Other studies identified cell-
specific methylation changes in CD4 + and CD8 + T cells in AD,
some of which were able to influence the production of IL-13 and
other inflammatory mediators [224, 225].

Histone acetylation has been studied in allergic diseases,
especially allergic asthma, in which it influences the production
of IL-13 and IL-8 [222]. More recently, butyric acid, a fermentation
metabolite of S. epidermidis, was demonstrated not only to have
an inhibitory growth effect on S. aureus but also to inhibit histone
deacetylase (HDAC) activity, resulting in increased histone
acetylation and upregulated gene expression [222].

Another active area of investigation is the role of miRNAs
(microRNAs) that have been reported to modulate inflammatory
factors in AD and, more recently, circular RNAs that indirectly
regulate miRNA target genes and contribute to innate immune
regulation [222].

To date, there are no data on therapies with drugs interfering
with epigenetic processes in the treatment of atopic dermatitis.
However, it is important to note that glucocorticosteroids,
which are in extensive clinical use, can reduce the activity
of HDAC, one of the key enzymes involved in epigenetic
processes [226].

DISCUSSION

AD treatment is experiencing a translational revolution in which
the link between bench research and clinical application has
been fundamental. Not only the successful stories but also the
negative results in clinical trials are useful to shape the direction
of the research to better capture the biological variability of AD.
There are some important considerations regarding the optimi-
zation of the study design of clinical trials for AD. First, given the
upstream mechanism of action of some AD targets, longer time
points might be needed to better capture the effect of certain
molecules (e.g., fezakinumab). In addition, the concomitant
application of TCSs can increase the placebo effect and impact
the significance of the results; thus, a critical interpretation of
the data is needed. Another consideration regards possible
underdosing, especially for those therapies for which the dosage
was adapted from the treatment of psoriasis, as was the case for
ustekinumab. In addition, an accurate selection of patients
based on disease severity can impact the magnitude of the
effect induced with therapy (e.g. tezepelumab, fezakinumab).
Finally, based on the main target of the drug, which can be AD
clinical severity or specific AD symptoms, such as pruritus, an
accurate elaboration of inclusion and exclusion criteria is crucial
for the selection of the most suitable population. In fact,
pruritus-targeted treatments appear to be most beneficial for
mild AD (e.g., difelikefalin NCT04018027 and tradipitant
NCT03568331), possibly due to the high, multipolar inflamma-
tory burden characterizing moderate-to-severe AD. In this
view, pruritus-related therapies are a valid option for mild or
moderate AD or as combination therapy with other anti-
inflammatory-directed treatments for more severe cases. From
these experiences, it appears crucial to optimize the study
design according to both the molecular targets and the clinical
characteristics.

In conclusion, the combination of biomarkers and mechanistic
studies with clinical efficacy in clinical trials helped select the most
promising molecules and will shape the direction of future
research. This translational revolution could lead to predicting
patients’ responses to targeted therapy, thus guiding the choice of
the most suitable treatment.
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